Gln is synthesized from Glu-tRNA Gln in most microorganisms by a tRNA-dependent amidotransferase in a reaction requiring ATP and an amide donor such as glutamine. GatDE is a heterodimeric amidotransferase that is ubiquitous in Archaea. GatD resembles bacterial asparaginases and is expected to function in amide donor hydrolysis. We show here that Methanothermobacter thermautotrophicus GatD acts as a glutaminase but only in the presence of both Glu-tRNA Gln and the other subunit, GatE. The fact that only Glu-tRNA Gln but not tRNA Gln could activate the glutaminase activity of GatD suggests that glutamine hydrolysis is coupled tightly to transamidation. M. thermautotrophicus GatDE enzymes that were mutated in GatD at each of the four critical asparaginase-active site residues lost the ability to hydrolyze glutamine and were unable to convert Glu-tRNA Gln to Gln-tRNA Gln when glutamine was the amide donor. However, ammonium chloride rescued the activities of these mutants, suggesting that the integrity of the ATPase and the transferase activities in the mutant GatDE enzymes was maintained. In addition, pyroglutamyl-tRNA Gln accumulated during the reaction catalyzed by the glutaminase-deficient mutants or by GatE alone. The pyroglutamyl-tRNA is most likely a cyclized by-product derived from ␥-phosphoryl-Glu-tRNA Gln , the proposed high energy intermediate in Glu-tRNA Gln transamidation. That GatE alone could form the intermediate indicates that GatE is a Glu-tRNA Gln kinase. The activation of Glu-tRNA Gln via ␥-phosphorylation bears a similarity to the mechanism used by glutamine synthetase, which may point to an ancient link between glutamine synthesized for metabolism and translation.
plasm and a few bacteria, most extant organisms including all Archaea and the majority of bacteria lack a functional GlnRS and therefore cannot attach glutamine directly to tRNA Gln . Instead, these organisms rely on alternative enzymes to synthesize Gln-tRNA Gln (2) . First, glutamate is attached onto tRNA
Gln by a non-discriminating glutamyl-tRNA synthetase (GluRS) and later converted to the "correct" amino acid, glutamine, by a Glu-tRNA Gln -dependent amidotransferase (GluAdT) in a reaction requiring ATP and an amide donor such as glutamine. Similarly, Asn-tRNA Asn can be synthesized indirectly via transamidation of Asp-tRNA Asn (3) by an Asp-tRNA Asn -dependent amidotransferase when asparaginyl-tRNA synthetase is missing (2) .
Although transamidation of Glu-tRNA Gln was first observed in the late 1960s (4), it took nearly three decades to reveal the nature of the AdT enzymes involved. We now know two types of AdT enzymes, a heterotrimeric AdT encoded by the gatC, gatA, and gatB genes found in bacteria and Archaea (5) and a heterodimeric enzyme encoded by the gatD and gatE genes found exclusively in Archaea (6) . Although GatCAB transamidates both Asp-tRNA Asn and Glu-tRNA Gln , GatDE specifically acts as a GluAdT and recognizes only Glu-tRNA Gln . Despite their differences in tRNA specificity and natural distribution, GatDE and GatCAB are evolutionarily related because GatE shares homology to GatB (6) . No other homologs of GatE have been identified currently besides GatB, and their function in tRNAdependent amidation remains unclear.
On the other hand, sequence analyses indicate that GatA is homologous to amidases and that GatD is similar to asparaginases (5, 6) . Both amidases and asparaginases belong to the glutaminase superfamily that catalyzes amide bond hydrolysis and the subsequent transfer of ammonia to a wide variety of amide acceptors (7) . Therefore, GatA and GatD could serve as the corresponding glutaminase subunit that provides the active ammonia for tRNA-dependent transamidation catalyzed by GatCAB and GatDE. Indeed, studies (8, 9) on Streptococcus pyogenes GatCAB support the role of GatA as the glutaminase subunit and have identified Ser-172 within a Ser-cis-Ser-Lys catalytic triad of GatA as the potential nucleophile. In addition, the hydrolysis of glutamine by GatCAB was found to be coupled tightly to the overall transamidation of Glu-tRNA Gln (10) . The conversion of Glu-tRNA Gln to Gln-tRNA Gln by AdTs is a complex process and involves several partial reactions, including hydrolysis of ATP as well as glutamine. The reaction catalyzed by the heterotrimeric AdT GatCAB was proposed (11) to proceed via the ␥-phosphoryl-Glu-tRNA
Gln intermediate based on earlier experiments performed with crude extracts of Bacillus subtilis. However, the validity of this intermediate was cast in doubt when recent attempts (10) failed to trap the interme-diate with purified GatCAB enzymes. 2 Here we present our studies on the mechanism of tRNA-dependent transamidation using the archaeal-specific GluAdT GatDE as a model system. (6) . In the present study, the gatDE gene was cloned into pET20b to generate the pET20b-gatDE construct for the overexpression of a C-terminally His 6 -tagged protein. In addition, the plasmid pET28a-gatD was constructed to generate the N-terminally His 6 -tagged GatD subunit, and pET20b-gatE was used for the overexpression of the C-terminally His 6 -tagged GatE. Mutant gatD genes were generated by overlap extension PCR and cloned into pET28a-gatD or pET20b-gatDE to yield the corresponding His 6 -tagged GatD or GatDE proteins, respectively. The sequences of the cloned genes were verified by DNA sequencing prior to protein purification.
EXPERIMENTAL PROCEDURES

General
The His 6 -tagged proteins were purified on a nickel-nitrilotriacetic acid column according to the manufacturer's protocol (Qiagen, Valencia, CA) and further purified to homogeneity by fast protein liquid chromatography on a MonoQ column (Amersham Biosciences) that was developed with a 20 -750 mM KCl gradient in Buffer A (25 mM HEPES-KOH, pH 7.2, 5 mM 2-mercaptoethanol, 0.2 mM EDTA, and 10% glycerol). Fractions containing the expected proteins judged by SDS-PAGE and activity were pooled, concentrated, and dialyzed into a storage buffer (25 mM HEPES-KOH, pH 7.2, 5 mM 2-mercaptoethanol, 0.2 mM EDTA, and 50% glycerol). The additional anion exchange chromatography step ensured that the purified His 6 -tagged GatD, GatE, and GatDE proteins were free of contaminating Escherichia coli glutaminase activities.
Preparation of Aminoacylated tRNA-M. thermautotrophicus tRNA CUG Gln2 transcript was prepared as described previously (6). Radiolabeled aminoacylated tRNA substrates were prepared at 37°C in an aminoacylation buffer (50 mM HEPES-KOH, pH 7.2, 25 mM KCl, 10 mM MgCl 2 , 4 mM ATP, 5 mM dithiothreitol) containing 75 M [
14 C]Glu, 24 g/ml pyrophosphatase, 0.5-2 M transcript, and 2.4 M GluRS and purified by phenol/chloroform extraction followed by ethanol precipitation, as described previously (12) . Residual ATP in the aminoacylated tRNA Gln substrates was further removed by gel filtration with a Microspin G-25 or G-50 column (Amersham Biosciences).
Amidotransferase Assays-Unless specified otherwise, transamidation reactions were carried out in 1ϫ AdT buffer (100 mM HEPES-KOH, pH 7.2, 30 mM KCl, 12 mM MgCl 2 , and 5 mM dithiothreitol) containing 10 mM ATP, 0.1-2 M enzyme, and 0.14 M [ 14 C]Glu-tRNA Gln (3,000 cpm) in the presence of 2 mM L-Gln or 10 mM NH 4 Cl or in the absence of any amide donor, as described previously (13) . The amino acids attached onto tRNA were recovered by ethanol precipitation and deacylated at room temperature for 2 min in the presence of 25 mM KOH followed by quenching with 1.3 l of 0.1 N HCl. The reactions were dried completely under vacuum at room temperature, and the pellet was dissolved in 3 l of H 2 O. The 14 C-labeled amino acids were separated by TLC on a cellulose plate (Sigma) developed in a basic (water:ammonium hydroxide:methanol:chloroform, 1:2:6:6) or acidic solvent system (isopropanol:formic acid:water, 20:1:5) and visualized by phosphorimaging as described previously (5) . Both glutamate and glutamine were stable under these conditions, and no degradation products were visible.
The TLC-based assay was used in the present study because the amount of 14 C-labeled amino acids released represents a direct measurement of the amino acids attached to the tRNA. This method is sensitive and requires no further manipulation of the amino acids after their release from the tRNA. The deacylated amino acids could also be separated by HPLC after derivatization with a fluorescence probe (10) . The sensitivity of the HPLC-based method depends on the yield of derivatization of a given amino acid and approaches that of the TLCbased assay for glutamate and glutamine. However, other molecules of a less optimal derivatization yield might escape detection (see "Results") (8) .
Glutaminase Activity Assay-Unlabeled or 3 H-labeled Glu-tRNA Identification of Pyroglutamic Acid-14 C-Labeled Glu-tRNA Gln (0.17 M) was incubated with GatDE (0.5 M), GatE (2 M), or no enzyme in the absence of amide donor in 1ϫ AdT buffer at 37°C for 20 min. The reactions were quenched by the addition of sodium acetate to 0.3 M and subjected to phenol/chloroform extraction and ethanol precipitation (13) . The amino acids attached to tRNA were deacylated as described above. To prepare the pyroglutamic acid standard, an AdT reaction containing no enzyme but the same amount of unlabeled Glu-tRNA Gln substrate was also prepared and processed the same way, except 8.4 pmol of 14 C-labeled pyroglutamic acid was added after deacylation and neutralization treatment. The reaction mixtures were then dried under vacuum and resuspended in 3 l of buffer containing 100 mM HEPES-KOH, pH 7.2, and 5% glycerol. The reaction products were analyzed by TLC directly under both basic and acidic conditions (see above) or after treatment with 5-oxoprolinase (0.5 mg/ml) at 37°C for 1 h.
RESULTS
GatD Shares Homology with Asparaginases-GatD shares a high similarity with bacterial asparaginases (Fig. 1) , enzymes that hydrolyze asparagine or glutamine to aspartate or glutamate and ammonia. The antileukemic activity of asparaginases has generated considerable interest in the enzyme, and crystal structures of asparaginases from many organisms including E. coli and Erwinia chrysanthemi have been solved (14, 15) . The active site topology of asparaginases is unique among the different classes of glutaminases and does not contain the active site cysteine or serine found in other members of the family (7, 9, 16). Instead, a threonine residue located in a flexible loop near the N terminus is used as the primary nucleophile by 2 H. D. Becker, personal communication. asparaginases (17, 18) , and a well conserved Thr-Asp-Lys triad is found in the substrate-binding pocket (14, 15) . Sequence analysis indicated that these active site residues are also conserved in GatD, and Thr-101, Thr-177, Asp-178, and Lys-254 in M. thermautotrophicus GatD may be important for asparagine/ glutamine recognition (Fig. 1) .
The Glutaminase Activity of GatD Is Detected Only in the Presence of Glu-tRNA
Gln and GatE-The homology shared between GatD and asparaginases suggests that GatD is responsible for generating the active ammonia in GatDE. The actual amide donor used by GatDE remains to be determined, but both glutamine and asparagine can be used efficiently in vitro by M. thermautotrophicus GatDE (6). For simplicity, only glutamine was used as the amide donor in this study. To test the proposed function of GatD as a glutaminase in GatDE, we purified both the GatDE holoenzyme and the two subunits individually and determined their abilities to hydrolyze glutamine. Although gatD and gatE are often found adjacent to each other in a given archaeal genome (6), both M. thermautotrophicus GatD and GatE could be expressed independently and purified to homogeneity. This contrasts with the fact that the amidase-like GatA from B. subtilis could not be expressed by itself (5) .
Glutaminase activity was assayed by measuring the conversion of 14 C-labeled glutamine to glutamate in the presence of unlabeled or 3 H-labeled tRNA substrates or in their absence. As expected, GatE did not exhibit any glutaminase activity (Fig. 2, lane 2) . To our surprise, GatD alone could not hydrolyze glutamine, whether in the presence or absence of the GlutRNA Gln substrate (Fig. 2, lane 1) . Instead, glutamine was hydrolyzed only by GatD when GatE was also included, whether co-purified with GatD as in the holoenzyme GatDE or when it was added later in trans (Fig. 2A, lanes 3 and 4) . Furthermore, in the presence of ATP, only the mischarged Glu-tRNA Gln substrate could induce the glutaminase activity of GatDE (Fig. 2A) . Glutamine could not be hydrolyzed when tRNA Gln was either uncharged (Fig. 2B) or absent (Fig. 2C ). In addition, ATP enhanced the glutaminase activity of GatDE in the presence of Glu-tRNA Gln , and the amount of glutamine hydrolyzed (in the 15-l reaction) by GatDE increased from 0.04 M in the absence of ATP to 4 M in the presence of 3.2 mM ATP (data not shown). Interestingly, the amount of glutamine that was hydrolyzed by the holoenzyme GatDE (4 M) matches well with the amount of the glutamate that was attached to tRNA Gln (4 M), suggesting that glutamine hydrolysis by GatDE is coupled tightly to Glu-tRNA Gln recognition. This appears to be a common theme in the overall transamidation of Glu-tRNA Gln , as has been found in the reaction catalyzed by S. pyogenes GatCAB (10) .
Thr-101, Thr-177, Asp-178, and Lys-254 in GatD Are Important for the Glutaminase as well as the Transamidase Activity of M. thermautotrophicus GatDE-The inability of GatD alone to hydrolyze glutamine raises the question of its function as a glutaminase in GatDE. To further understand the role of GatD in GatDE, the putative asparaginase active site residues in GatD were mutated, and seven mutant M. thermautotrophicus GatDE enzymes (T101S, T101A, T177S, T177V, D178N, D178E, and K254E) were constructed, purified, and tested for glutamine hydrolysis. Glutamine hydrolysis by T101A, T177V, D178N, D178E, and K254E GatDEs was negligible (Fig. 3,  lanes 3 and 5-8) , suggesting that these residues in GatD are important for the glutaminase activity of GatDE. However, the function of Thr-101 and Thr-177 could be replaced partially or completely by a serine residue. Under the conditions used, T177S GatDE hydrolyzed the same amount of glutamine (ϳ9 M) as wild type GatDE (Fig. 3, lanes 1 and 4) , whereas T101S GatDE converted approximately 1 M of glutamine to glutamate (Fig. 3, lane 2) . The functional replacement of the two active site threonine residues by a serine but not by alanine or valine indicates that the hydroxyl group of these threonine residues is important. These results demonstrate that GatD indeed acts as the bona fide glutaminase in GatDE.
We then examined the effects of these mutations on the overall conversion of 14 C-labeled Glu-tRNA Gln to Gln-tRNA Gln by GatDE using unlabeled glutamine as the amide donor. In this assay, amino acids attached to tRNA were separated from free amino acids by ethanol precipitation and then deacylated from tRNA prior to TLC separation and phosphorimaging analysis. In the presence of 2 mM glutamine, wild type and T177S transformed most of Glu-tRNA Gln to Gln-tRNA Gln , whereas T101S converted approximately half as much mischarged tRNA substrate to product (Fig. 4A) . Thus, mutant GatDEs that were active in glutamine hydrolysis were also active in the overall transamidation of Glu-tRNA Gln when glutamine was the amide donor. On the other hand, Gln-tRNA Gln formation was undetectable in the GluAdT reaction catalyzed by the T101A, T177V, D178N, D178E, and K254E mutant GatDEs (Fig. 4A) , consistent with their inability to hydrolyze glutamine (Fig. 3) .
However, the GluAdT activity of these mutants could be rescued partially by exogenous ammonia and was indistinguishable from that of the wild type enzyme in the presence of 10 mM NH 4 Cl (Fig. 4B) . The formation of Gln-tRNA
Gln by the glutaminase-deficient GatDEs suggests that these mutants retained their ability to recognize Glu-tRNA
Gln . Gln-tRNA Mechanism of a tRNA-dependent Amidotransferasefrom the AdT reaction (Fig. 4C) . Instead, a molecule whose formation is independent of the glutaminase reaction appeared as the only product in the reaction catalyzed by all the GatDEs including wild type (Fig. 4C ). This fast running molecule was later identified as pyroglutamate (see below), which had been deacylated from pyroglutamyl-tRNA Gln prior to TLC separation. Pyroglutamyl-tRNA Gln also accumulated in the reaction catalyzed by the glutaminase-deficient GatDEs when glutamine was the amide donor (Fig. 4A ) or in the transamidation reaction catalyzed by all the GatDEs when NH 4 Cl was the amide donor (Fig. 4B) .
Pyroglutamyl-tRNA Gln Is Formed by GatE Alone-The accumulation of pyroglutamyl-tRNA Gln , a cyclized product of ␥-phosphoryl-Glu-tRNA
Gln (see below) in reactions catalyzed by mutant GatDEs carrying an inactive copy of GatD (Fig. 4) , indicates that GatE might be responsible for its formation. Indeed, GatE alone catalyzed the formation of this aminoacyltRNA (Fig. 5A, lane 2) , although at a lower efficiency than GatDE (Fig. 5A) . The formation of the tRNA intermediate was not affected by the amide donor (data not shown) but depended on ATP (Fig. 5) . The trace amount of the fast running molecule observed in the GatDE reaction in the absence of ATP was caused most likely by the residual ATP carried over from the Glu-tRNA Gln preparation (see "Experimental Procedures"). Identification of the fast running molecule observed on our TLC plates was achieved by TLC (Fig. 6) . The fast running molecule had the same migration characteristics as authentic 14 C-labeled pyroglutamate under both basic and acidic conditions (Fig. 6) . The identity of this molecule was further verified by enzyme analysis. The deacylated reaction products of GatEcatalyzed Glu-tRNA Gln conversion contained approximately 20% fast running molecule and 80% glutamate (Fig. 6, lane 3) . When this mixture was treated with 5-oxoprolinase, an enzyme that converts glutamate to pyroglutamate (19) , a single 14 Clabeled molecule was observed (Fig. 6, lane 6) . In addition, this molecule ran the same as the fast running molecule observed in the GatDE catalyzed reaction (Fig. 6, lane 5) as well as the pyroglutamate synthesized from glutamate by 5-oxoprolinase 
